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To test the hypothesis that induced atrial flutter evolves from a 
transitional rhythm, the onset of 99 episodes of induced atrial 
flutter (mean cycle length 135 ± 18 ms) lasting >5 min in 40 dogs 
with sterile pericarditis was first characterized. In 85 (86%) of the 
99 episodes, atrial flutter was preceded by a brief period (mean 
1.4 ± 0.9 s, range 0.4 to 42) of atrial fibrillation. Then, in 11 open 
chest studies, atrial electrograms were recorded simultaneously 
from 95 pairs of right atrial electrodes during the onset of 18 
episodes of induced atrial flutter (mean cycle length 136 ± 16 ms). 
Atrial flutter was induced by a train of eight paced atrial beats, 
followed by one or two premature atrial beats (7 episodes) or rapid 
atrial pacing (11 episodes). 
A short period of atrial fibrillation (mean cycle length 110 ± 
7 ms) induced by atrial pacing activated the right atrium through 
wave fronts, which produced a localized area of slow conduction. 
Then unidirectional conduction block of the wave front occurred 
for one beat in all or a portion of the area of slow conduction. This 
permitted the unblocked wave front to turn around an area of 
Atrial flutter is a very common supraventricular tachycardia. 
However, surprisingly little is known about its onset, in part 
because it is a difficult rhythm to study in vivo in patients, 
and until recently, no animal models that represent a rea-
sonable counterpart to clinical atrial flutter have been avail-
able. 
In humans, it is generally accepted that atrial flutter is a 
reentrant rhythm, with the reentrant circuit located primarily 
in the right atrium (1). However, unlike other common 
reentrant rhythms such as atrioventricular (A V) reentrant 
tachycardia, A V node reentrant tachycardia and ventricular 
tachycardia in which the arrhythmia generally can be in-
duced by single, double or triple extrastimuli, previous 
studies (2,3) have indicated that atrial flutter is only rarely 
induced directly by premature beats. In fact, this is a major 
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functional block and return through the area of slow conduction 
that had developed the unidirectional conduction block, thereby 
initiating the reentrant circuit. The location of the unidirectional 
block relative to the direction of the circulating wave fronts 
determined whether the circus movement was clockwise or coun-
terclockwise. The area of slow conduction and unidirectional 
conduction block occurred where the wave front crossed perpen-
dicular to the orientation of the atrial muscle fibers, suggesting a 
role for anisotropic conduction. These areas included the high 
right atrial portion of the sulcus terminalis (10 episodes), the low 
right atrial portion of the sulcus terminalis (4 episodes) and the 
pectinate muscle region (4 episodes). 
It is concluded that the development of a localized area of slow 
conduction in the right atrium followed by unidirectional conduc-
tion block in this area produced during a short period of atrial 
fibrillation or rapid atrial pacing is necessary for atrial flutter to 
occur in this model. 
(J Am Coll CardioI1991;17:1223-34) 
reason that standard programmed electrophysiologic stimu-
lation studies are not used to diagnose atrial flutter and 
assess efficacy of drug treatment. 
We (4) recently developed a pericarditis model of atrial 
flutter that is reliable and reproducible and seems to have a 
clinical counterpart in the atrial flutter that occurs in patients 
after open heart surgery. As we have reported (5), atrial 
flutter in our dog model is due to reentrant excitation (either 
clockwise or counterclockwise) in the right atrial free wall. 
We used multielectrode mapping techniques as well as 
standard pacing and recording techniques in this model to 
study and characterize the onset of induced atrial flutter. 
Methods 
Study dogs. Forty adult mongrel dogs, weighing 18 to 
25 kg, were studied 2 to 5 days after creation of sterile 
pericarditis. The study consisted of two parts: 1) 99 episodes 
of atrial flutter induced in 40 dogs in the conscious nonse-
dated state were studied with standard techniques; 2) 18 
episodes of atrial flutter induced in 11 dogs in the anesthe-
tized open chest state were studied with simultaneous mul-
tielectrode mapping techniques. All studies were performed 
in accordance with the guidelines of the Institutional Animal 
0735-1097/911$3.50 
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Care and Use Committee and in conformity with the position 
of the American Heart Association on Research Animal 
Use. 
Creation of the model. Atrial flutter was induced in our 
canine model with use of the techniques described in our 
laboratory by Page et al. (4). With sterile technique, each 
dog was submitted to a right thoracotomy at the fourth 
intercostal space under general anesthesia (thiamylal so-
dium, 3 to 5 mg/kg body weight, intravenously, supple-
mented with halothane). The heart was exposed and cradled 
in the pericardium with standard surgical techniques. Three 
pairs of stainless steel wire electrodes (0 Flexon, Davis and 
Geck) , coated with FEP polymer except for the tip, were 
sutured on the following three epicardial atrial sites: the 
sulcus terminalis of the right atrium; the interatrial band, 
known as Bachmann's bundle and the posteroinferior left 
atrium close to the proximal portion of the coronary sinus. 
The interelectrode distance of each electrode pair was about 
5 mm. These wire electrodes were brought out through the 
chest wall and exteriorized posteriorly in the neck near the 
midline. In four dogs, the electrodes were not placed in the 
sulcus terminalis site (for ease in subsequent placement of 
the electrode array for later simultaneous multi electrode 
mapping studies in the open chest state). 
The epicardium of both atria was then generously dusted 
with sterile talcum powder. Then a single layer of gauze was 
put on the right and left atrial free walls and the pericardiot-
omy was closed. The chest was closed in standard fashion. 
The dogs were given antibiotic and analgesic agents and 
allowed to recover. 
Studies in the Conscious Nonsedated State 
Induction of atrial flutter. Beginning on the 2nd or 3rd 
postoperative day, induction of atrial flutter with use of the 
epicardial wire electrodes placed at the initial operation was 
attempted in all study dogs while they were in the conscious 
non sedated state. Induction of atrial flutter was attempted by 
pacing performed from one of the electrode sites (sulcus 
terminalis, Bachmann's bundle region or posteroinferior left 
atrium). A modified Medtronic 5325 programmable stimula-
tor with a pulse width of 1.8 ms was used for all pacing 
studies. Pacing modes included: 1) introduction of one or 
two premature atrial beats after a train of eight paced atrial 
beats at a cycle length of 400, 300 or 200 ms, or 2) rapid atrial 
pacing for a period of 1 to 10 s until either atrial flutter or 
atrial fibrillation was induced or there was a loss of 1: 1 atrial 
capture. Both pacing methods were performed using stimuli 
of twice diastolic threshold. 
During these studies, electrocardiographic (ECG) leads I, 
II and III were recorded simultaneously with the stimulus 
artifact from the pacing site and with bipolar electrograms 
from the other electrode sites. The ECGs were filtered 
between a bandpass of 0.1 and 500 Hz and the epicardial 
electrograms between 30 and 500 Hz. With use of an 
Electronics for Medicine VR-16 switched beam oscilloscopic 
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Figure 1. Atrial electrode array. Dashed lines represent electrodes 
arranged in pairs. The enlarged area shows four pairs of electrodes. 
The distance between the electrodes in each electrode pair is 
1.5 mm. The distance from the center of each adjacent electrode pair 
is 6 mm perpendicularly and 4.2 mm diagonally. The anatomic 
orientation of the electrode array is shown. Ive = inferior vena 
cava; RAA = right atrial appendage; sve = superior vena cava. 
recorder, all data were monitored and recorded on photo-
graphic paper at a speed of 100 mmls. The data were also 
recorded simultaneously on FM tape using a Honeywell 101 
FM tape recorder for later playback and analysis. 
Characterization of the onset of atrial flutter. When atrial 
flutter was induced, its rate, regularity and duration were 
characterized. The type and duration of any transitional 
rhythms that were initially produced by atrial pacing were 
also characterized. Only episodes of induced atrial flutter 
that lasted >5 min were analyzed. 
MuLtieLectrode Mapping Studies in the Open 
Chest State 
Preparation. On the 3rd or 4th postoperative day, an 
open chest study was performed in 11 dogs. The dogs were 
anesthetized with pentobarbital (30 mg/kg intravenously) 
and mechanically ventilated using a Harvard respirator. The 
body temperature of each dog was kept within the normal 
physiologic range throughout the study by using a heating 
pad. The chest was opened through a median sternotomy. 
The heart was exposed, the epicardium was gently separated 
from the adherent pericardium and the heart was suspended 
in a pericardial cradle. After the gauze strips were removed 
from both atria, the talcum powder that had become en-
crusted was carefully peeled off. The stainless steel wire 
electrodes previously sutured on the sulcus terminalis were 
removed to permit placement of the epicardial electrode 
array in the seven dogs with electrodes at this site. A new 
reference bipolar electrode was sutured on the tip of the right 
atrial appendage. 
Placement of the electrode array. After the chest was 
opened, an electrode array containing 190 electrodes (Fig. 1) 
arranged in 95 pairs (Fig. 2) was secured with a Velcro belt 
to the right atrial free wall. The array was constructed of a 
sheet of Dacron-reinforced Silastic into which fine silver 
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Figure 2. Number of each electrode pair 
site. A V groove = atrioventricular 
groove; other abbreviations as in Figure 
I. 
13 
Ive 92 
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wire electrodes were embedded and fixed at room tempera-
ture with a vulcanizing silicon rubber adhesive. The inter-
electrode distance of each electrode pair was 1.5 mm, and 
the distance between the center of each electrode pair was 
4.2 mm diagonally and 6 mm perpendicularly (Fig. 1). 
Induction of atrial flutter. The same pacing protocol as 
used during the closed chest state was used to induce atrial 
flutter in the open chest state. The only difference was that 
because the sulcus terminalis electrode pair was removed, it 
was not used as one of the pacing sites. In its place, the pair 
of electrodes placed at the tip of the right atrial appendage 
was used. In six dogs, induction of atrial flutter was studied 
more than once-two times in five dogs and three times in 
one dog (Table 1). In these dogs, after completion of the 
data acquisition for an episode of induced atrial flutter, 
rapid atrial pacing was initiated at a rate of 5 to 10 beats/min 
faster than the spontaneous rate, continued for up to 10 s 
and terminated abruptly. If the atrial flutter was not inter-
rupted, rapid atrial pacing was again initiated, but with an 
increment in rate of 5 to 10 beats/min. This procedure was 
repeated until atrial flutter was interrupted. Then atrial 
flutter was induced again using the preceding pacing tech-
niques. 
Data acquisition. Before, during and after the induction 
of atrial flutter, bipolar electrograms were recorded simulta-
neously from 95 pairs of electrodes distributed over the right 
atrial free wall (Fig. 2) along with ECG lead II. Data 
recording and processing were performed with a cardiac 
mapping system designed and built at Case Western Reserve 
18 
11 
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University. Data were individually amplified, filtered be-
tween a band width of 1 to 500 Hz, sampled at 1,000 Hz and 
digitized with a 12 bit analogue to digital converter. The data 
were then transferred to a 68020 coprocessor with 4 Mbytes 
of memory by means of opto-isolators. Data collection and 
processing were performed with use of this coprocessor, 
which is resident to a Sperry IT PC host system (IBM AT 
compatible). A SGT PEPPER (Number Nine Corporation) 
graphic processor was used to display raw and processed 
data. Data were archived on either a floppy or a hard disk, 
both being resident to the host system. 
Data analysis. Analysis of data consisted of selecting 
activation times and drawing isochronous maps with a 
minimal resolution of 1 ms. Data were filtered with a low 
cutoff frequency (high pass filter) of 10 Hz before analysis to 
avoid baseline drift in the eiectrograms. A 600 ms analysis 
window was chosen from within 4 s of stored data. A time 
reference signal was selected arbitrarily from 95 pairs of 
electrode sites and used to depict zero activation time. The 
stimulus artifact during atrial pacing or the electrode pair site 
activated earliest during each spontaneous beat was chosen 
as a time reference for each beat. The eiectrograms recorded 
at each site during the time window were displayed on a 
graphics screen, and activation time was selected manually 
with use of a cursor. 
The moment of activation at each site was taken as the 
peak of the rapid deflection in a predominant monophasic 
recording or as the time the first rapid deflection crossed the 
baseline in a predominantly biphasic recording. The activa-
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Table 1. Characteristics of Each of the 18 Episodes of Induced Atrial Flutter in 11 Dogs 
Dog No.! Induction Location Induced 
Study Mode Site OfUB* Of ASCt AFt CL (ms) AFt Reentry 
):j: 530 beats/min PLA HRA HRA, PM 130 CCW 
2/a 300/1\5/85 PLA LRA HRA,LRA 123 CW 
21b:j: 595 beats/min PLA PM HRA,LRA 115 CW 
3/a 4001100 PLA LRA LRA 130 CW 
31b:j: 520 beats/min BB HRA HRA,LRA 142 CCW 
4 520 beats/min PLA HRA HRA, PM \32 CCW 
5/a 300/90/80 PLA HRA HRA 125 CCW 
51b:j: 600 beats/min PLA HRA HRA 125 CCW 
5/c:j: 520 beats/min RAA HRA PM 137 CW 
6/a 300/140/80 PLA LRA LRA, PM 126 CW 
61b:j: 570 beats/min RAA PM HRA 135 CCW 
7/a 3001130/80 RAA PM HRA,LRA 143 CCW 
71b:j: 590 beats/min RAA HRA HRA, PM 135 CW 
8 300/1651135 PLA HRA HRA, LRA, PM 190 CCW 
9:j: 530 beats/min PLA HRA HRA,LRA 135 CW 
\O:j: 460 beats/min RAA HRA HRA,LRA 150 CW 
lila 2001120/80 RAA LRA LRA, PM 138 CW 
111b:j: 455 beats/min PLA PM HRA, LRA, PM 136 CW 
*The location of unidirectional block that permitted atrial flutter to occur; tthe location of the area of slow conduction in the reentrant circuit during atrial 
flutter; :j:rapid atrial pacing. / / = basic driving cycle length/first premature coupling interval/second premature coupling interval (ms); AFI = atrial flutter; 
ASC = area of slow conduction; BB = Bachmann's bundle; CL = cycle length; CW = clockwise reentrant excitation; CCW = counterclockwise reentrant 
excitation; HRA = high right atrium in the region of the sulcus terminalis; LRA = low right atrium in the region of the sulcus terminalis; PLA = posteroinferior 
left atrium; PM = pectinate muscle; RAA = right atrial appendage; UB = unidirectional block. 
tion time at sites at which polyphasic waveforms were 
recorded was arbitrarily assigned to the major deflection. If 
there were two discrete deflections for one atrial complex in 
the ECG (that is, a so-called double potential), the activation 
time at these sites was assigned to the deflection with the 
largest amplitude. 
Because of the difference in size of the right atrium from 
dog to dog, anatomic landmarks were identified on the grid 
(electrode array) by visual inspection. For each atrial beat, 
activation time at each site was placed on an anatomic grid 
representing activation at each bipolar recording site (Fig. 
2), and isochronous lines at 10 ms intervals were drawn 
manually. The center of the reentrant circuit was defined by 
analyzing the isochronous lines. 
Definitions. In this study, slow conduction was defined as 
conduction velocity <0.2 m1s (6). Atrial flutter and atrial 
fibrillation were defined on the basis of bipolar atrial elec-
trogram recordings using the criteria of Wells et al. (7,8). 
Atrialflutter was defined as a rapid atrial rhythm (rate ~240 
beats/min) characterized by a constant beat to beat cycle 
length, polarity, configuration and amplitude of the recorded 
bipolar electrograms (7). Atrial fibrillation was defined as a 
rapid atrial rhythm (rate ~260 beats/min) characterized by 
variability of the beat to beat cycle length, polarity, config-
uration and amplitude of recorded bipolar atrial electrograms 
(8). Direct onset of atrial flutter was defined as direct 
initiation of atrial flutter by pacing without the presence of a 
transitional rhythm between termination of pacing and initi-
ation of stable atrial flutter. 
Results 
Studies of induction of atrial flutter in the conscious non-
sedated state. Ninety-nine episodes of the induction of atrial 
flutter in 40 dogs were analyzed. Representative examples of 
the induction of atrial flutter are shown in Figure 3. Of the 99 
episodes, 8 were induced by one premature atrial beat at a 
mean coupling interval of 125 ± 28 ms (range 100 to 170) 
(Fig. 3A) and 10 were induced by two premature atrial beats 
at a mean coupling interval of the second premature atrial 
beat of 87 ± 6 ms (range 80 to 135) (Fig. 3B). Eighty-one 
episodes of atrial flutter were induced by rapid atrial pacing 
(mean rate 502 ± 97 beats/min; range 300 to 690) for 1.2 ± 
0.2 s (range 0.6 to 2) (Fig. 3C and D). 
Brief atrial fibrillation preceding induced atrial flutter (Fig. 
3). In 85 (86%) of the 99 episodes, atrial flutter was preceded 
by a brief (mean 1.4 ± 0.9 s, range 0.4 to 42) transitional 
rhythm that had the characteristics of atrial fibrillation (8). 
Atrial flutter was present immediately after termination of 
pacing in 14 episodes (14%) and only after rapid atrial pacing 
(Fig. 3D). In each of the latter episodes, the rapid atrial 
pacing rate was faster than the spontaneous atrial flutter 
rate. Because of the limited number of recording sites in 
these 14 episodes, it could not be determined whether the 
atrial flutter was actually induced directly or whether, as we 
think more likely, the rapid atrial pacing masked a brief 
period of atrial fibrillation that then became atrial flutter. For 
the latter examples, because the rapid atrial pacing rate was 
faster than the atrial flutter rate in all instances, the atrial 
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Figure 3. Initiation of atrial flutter. A, Induction by a 
single premature atrial beat. Electrocardiographic 
leads II and III are displayed with bipolar electro-
grams from the sulcus terminalis of the right atrium 
(ST), the Bachmann's bundle region (BB) and the 
posteroinferior left atrium (PLA). The left panel 
shows a single atrial extrastimulus (S2) at a coupling 
interval of 90 ms after a train of eight atrial driving 
beats (S,) at a cycle length of 300 ms is delivered 
from the posteroinferior left atrium. Before the onset 
of atrial flutter, there is a short period of atrial 
activity characteristic of atrial fibrillation before de-
velopment of typical atrial flutter. The right panel 
shows these same recordings 3 s after the cessation 
of pacing and demonstrates stable atrial flutter at a 
cycle length of 145 ms. B, Induction by two prema-
ture atrial beats. The left panel shows the end of an 
eight beat drive train at a cycle length of 300 ms 
followed by two premature atrial beats delivered 
from the posteroinferior left atrium (PLA). The first 
atrial extrastimulus (S2) is delivered at a coupling 
interval of 135 ms and the second atrial extrastimulus 
(S3) is delivered at a coupling interval of 80 ms. The 
initiation of atrial flutter is preceded by a brief period 
of atrial fibrillation. The right panel shows the same 
recordings 3 s after the cessation of pacing and 
demonstrates stable atrial flutter. The atrial flutter 
shows beat to beat cycle length alternans (130 and 
125 ms). C, Induction by rapid atrial pacing. The left 
panel shows the termination of 2 s of rapid atrial 
pacing (S) at a rate of 542 beats/min from Bach-
mann's bundle (BB). Atrial fibrillation precipitated 
during pacing is also present immediately after the 
cessation of pacing before evolving into typical atrial 
flutter. The right panel shows the same recordings 
3 s after cessation of pacing and demonstrates stable 
atrial flutter at a cycle length of 155 ms. D, Induction 
by rapid atrial pacing. The left panel shows the 
termination of 2.2 s of rapid atrial pacing (S) at a rate 
of 460 beats/min from the posteroinferior left atrium 
(PLA). This seemed to induce atrial flutter unaccom-
panied by a preceding period of atrial fibrillation. 
However, note that the rapid pacing rate (460 beats/ 
min) is faster than the rate of atrial flutter (400 
beats/min, cycle length 150 ms). From the limited 
number ofrecording sites, it could not be discerned 
whether or not the atrial flutter in fact was induced 
directly or whether the rapid atrial pacing simply 
masked a brief period of atrial fibrillation that then 
became atrial flutter, which in turn was entrained by 
the rapid pacing. The right panel recorded 3 s after 
termination of pacing demonstrates that the atrial 
flutter is stable. See text for discussion. 
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flutter likely was entrained by the rapid atrial pacing. Thus, 
the rapid atrial pacing may first have initiated a transitional 
rhythm, presumably atrial fibrillation, that evolved to atrial 
flutter and was entrained by the continued rapid atrial 
pacing. Because the atrial flutter that developed was only 
entrained (9), it necessarily appeared to be present on 
termination of rapid pacing. 
In sum, in our canine model, induced atrial flutter usually 
did not start as a new arrhythmia. It clearly evolved from a 
transitional rhythm, atrial fibrillation, in the vast majority of 
episodes (86%). It may well have evolved from a transitional 
atrial fibrillation rhythm in the other episodes (14%), which 
at first glance appeared to represent direct onset of atrial 
flutter. 
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Simultaneous Multisite Mapping Studies of the 
Onset of Atrial Flutter in the Open Chest State 
Induced atrial flutter. Eighteen episodes of the onset of 
induced atrial flutter in 11 dogs were analyzed. The charac-
teristics of each episode of induced atrial flutter are shown in 
Table 1. The mean cycle length of induced atrial flutter was 
136 ± 16 ms (range 115 to 190). The circulating reentrant 
wave front in the right atrial free wall was clockwise in 10 
episodes and counterclockwise in 8 episodes. Atrial flutter 
was induced by a single premature atrial beat in 1 episode, 
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Figure 4. Isochronous maps during 
the onset of atrial flutter induced by 
an eight beat drive train (SI) followed 
by two premature atrial beats (S2 and 
S3' respectively) (300/130/80 ms) de-
livered from the right atrial append-
age (RAA). Isochrones are displayed 
at 10 ms intervals. Arrows indicate 
the direction of the main activation 
wave front. A, Beats AI' A2 and A3 
represent isochronous maps corre-
sponding to SI' S2 and S3' respec-
tively. Beat Al (SI) was the last 
driven beat at a cycle length of 
300 ms. Beat A2 (S2) was the first 
premature beat. Beat A3 (S3) was the 
second premature beat. In beats A2 
and A3, radial activation proceeded 
from the pacing site and crowding of 
10 ms isochronous lines developed in 
some areas. In beat A4, the first spon-
taneous (Spont) beat, the earliest ac-
tivated area was close to the pacing 
site. B, Beats As to As represent 
subsequent spontaneous beats. Beats 
As and A6 show development of the 
areas of slow conduction along the 
sulcus terminalis and in the pectinate 
muscle region. With beat A7, unidi-
rectional block (VB) (solid thick black 
line) of the inferior wave front oc-
curred at the pectinate muscle region 
in the area of slow conduction. Then, 
the non blocked superior activation 
wave front conducted around a line 
offunctional block (dashed lines) and 
through an area of slow conduction 
close to the inferior vena cava to 
conduct through the area of unidirec-
tional block from the opposite direc-
tion. The shaded area represents an 
area of localized block. Beat As was 
the first spontaneous atrial flutter 
beat, which traveled counterclock-
wise around an area of functional 
block (dashed line) at a cycle length of 
152 ms. See text for discussion. S = 
site of stimulation; other abbrevia-
tions as in Figures 1 and 2. 
two premature atrial beats in 6 episodes and rapid atrial 
pacing in 11 episodes. 
Atrial activation sequence during the onset of atrial flutter 
(Fig. 4 and 5). Figure 4 shows sequential atrial activation 
maps obtained from one representative episode. Isochrones 
are displayed at 10 ms intervals. In this episode, atrial flutter 
was induced by two atrial premature beats (130 and 180 ms, 
respectively) after an eight beat drive train at a pacing cycle 
length of 300 ms introduced from the right atrial appendage. 
In Figure 4A, beats AI' A2 and A3 represent isochronous 
lACC Vol. 17, No.5 
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Figure 5. Isochronous map of beat A7 and bipolar 
electrograms from the same episode of atrial flutter as in 
Figure 4. A, Isochronous map of beat A7 (same as in Fig. 
4B) with the superimposed locations of electrode pair 
sites A to G in B. B, Bipolar electrograms recorded 
during the onset of the same induced atrial flutter shown 
in Figure 3. Traces A to G represent bipolar electro-
grams recorded from these electrode pair sites in the 
reentrant circuit. Sites A, B, C, D, E, F and G are the 
same as sites 39, 50, 62, 72, 83, 89 and 70, respectively, 
shown in Figure 2. The top tracing shows a bipolar 
electrogram recorded from site 86 because this site near 
the atrioventricular groove demonstrated only ventricu-
lar electrograms; Sl' S2 and S3 correspond to the respec-
tive stimulus artifacts. Arrows show the relative se-
quence of activation. Unidirectional block (UB) 
occurred at a site between electrode pair A and B. See 
text for discussion. C is continuous with B and shows 
the same electrograms during stable atrial flutter. CL = 
cycle length; VEG = ventricular electrogram. 
A 
E 
F 
G 
B 
VEG 
A 
B 
C 
D 
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maps corresponding to SI (the last beat of the eight beat 
drive train), S2 (the first atrial premature beat) and S3 (the 
second atrial premature beat), respectively. Because pacing 
was performed from the right atrial appendage, the activa-
tion wave front of each beat spread over the right atrial free 
wall from the right atrial appendage toward the inferior vena 
cava. Beat A4 represents the first spontaneous beat of a 
transitional rhythm that preceded the development of atrial 
flutter. The distance between 10 ms isochronous lines is an 
indication of the velocity of conduction. Slow conduction is 
indicated by crowding of the isochronous lines. Note the 
development of crowding with the introduction of the pre-
mature beats and the first spontaneous beat. 
As seen by the crowding of isochrones in the maps of 
spontaneous beats A5 and A6 (Fig. 4B), there was progres-
sion in the development of areas of slow conduction. The 
latter appeared high in the region of the sulcus terminalis, in 
the pectinate muscle region of the right atrial free wall and 
low in the sulcus terminalis, although the latter may repre-
sent block. Note especially that in beats A5 and A6, collision 
between clockwise and counterclockwise wave fronts devel-
ops at the inferior portion of the right atrial free wall. 
During beat A7 (Fig. 4B), unidirectional block of the 
inferior activation wave front coming from the superior 
aspect of the right atrial free wall toward the inferior vena 
cava occurred at the area of slow conduction in the pectinate 
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muscle region seen in beat A6. This is represented by the 
thick black line. This unidirectional block permitted the 
unblocked counterclockwise activation wave front to acti-
vate this region across the area of unidirectional block. As 
seen in spontaneous beat As (Fig. 4B), this wave front then 
initiated a reentrant rhythm, the impulse appearing to circu-
late around a region of block, represented by the dashed line 
in the sulcus terminalis. Thus, atrial flutter due to counter-
clockwise circus movement was initiated. 
Figure 5A represents an enlargement of beat A7 in Figure 
4B and shows recording sites A through G shown in Figures 
5B and C. Figures 5B and C show the bipolar electrograms 
recorded during this episode from sites A through G. These 
sites were selected from electrode pairs in the reentrant 
circuit (shown in beat As of Fig. 4B). The SI' S2 and S3 in 
Figure 5B correspond to the respective stimulus artifacts. 
After introduction of S3, the onset of atrial flutter was 
preceded by a transitional rhythm of four spontaneous beats 
(A4 to A7). These beats occurred at a rapid rate and were 
characterized by variability in cycle length and configuration 
of the recorded atrial electrograms. Parenthetically, a tran-
sitional spontaneous rhythm consistent with atrial fibrillation 
(8,10) was demonstrated in the period after termination of 
atrial pacing and before the onset of atrial flutter in all seven 
episodes induced by one or two extrastimuli. With the 
development of unidirectional block at a site between elec-
trode pair A and B in beat A7, atrial flutter at a constant cycle 
length and with a constant activation sequence developed 
(beat As, Fig. 4B and 5B). 
Sites of development of unidirectional block: determinants 
of clockwise or counterclockwise circus movement of induced 
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Figure 6. Isochronous maps from 
two different episodes of the onset of 
atrial flutter (API) in two different 
dogs. In the left panel (dog 5), the 
upper isochronous map is beat ~ 
and lower isochronous map is beat 
AIO in episode 5a in Table 1 and 
shows development of counterclock-
wise (CCW) circus movement. In the 
right panel (dog 11), the upper iso-
chronous map is beat A5 and lower 
isochronous map is beat A7 of epi-
sode 11a in Table 1 and shows clock-
wise (CW) circus movement. Arrows 
represent the direction of the wave 
fronts. UB = unidirectional block. 
atrial flutter (Fi~ 4 to 6). Figure 6 shows maps from two 
additional episodes of the onset of atrial flutter in two other 
dogs and demonstrates development of unidirectional block 
during the transitional rhythm in two additional areas dif-
ferent from the area shown in Figures 4 and 5. The example 
on the left shows the development of unidirectional block in 
an area high in the region of the sulcus terminalis during a 
transitional rhythm (atrial fibrillation) initiated by introduc-
tion of two atrial premature beats (coupling interval 90 and 
80 ms, respectively) after an eight beat drive train (cycle 
length 300 ms) delivered from the posteroinferior left atrium. 
The example on the right shows the development of unidi-
rectional block in an area in the right atrium during a 
transitional rhythm initiated by introduction of two atrial 
premature beats (coupling interval 120 and 80 ms, respec-
tively) after an eight beat drive train (cycle length 200 ms) 
from the right atrial appendage. In each case, unidirectional 
block developed in an area that in previous beats was 
characterized by slow conduction. In the example on the 
left, the directional relation between the site of unidirec-
tional block and the activation wave fronts resulted in 
counterclockwise circus movement. In the example on the 
right, it resulted in a clockwise circus movement. In each 
episode, the location of the site of unidirectional block 
relative to the direction of the traveling wave fronts deter-
mined whether clockwise or counterclockwise circus move-
ment developed. 
Fusion beats after the occurrence of the unidirectional 
block (Fig. 6 and 7). Figure 7 A demonstrates the isochro-
nous map of beat A6 and the location of electrode pair sites 
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A through G shown in Figure 7B, obtained from the same 
episode as in the right panel of Figure 6, in which the upper 
activation map is of beat As and the lower activation map is 
of beat A7• 
As seen in the activation map of be at A5 (upper right map 
in Fig. 6), unidirectional block of the activation wave front 
from the second spontaneous beat developed at the region of 
the sulcus terminalis close to the inferior vena cava. This 
permitted the inferior wave front that was traveling in a 
clockwise direction to turn around and conduct through the 
region of previous unidirectional block. In the map of beat 
A6 (Fig. 7 A), this activation wave front (white arrow) 
collided at the region between the superior vena cava and the 
inferior vena cava with an activation wave front (black 
arrow) that originated spontaneously (beat A6) and was part 
of the transitional rhythm that occurred after termination of 
atrial pacing. Because the transitional rhythm terminated 
spontaneously with this beat, the orthodromic activation 
wave front from this transitional rhythm beat then initiated 
clockwise circus movement, as seen in the next beat, A7 
(lower right map in Fig. 6). 
Figure 7B shows bipolar electrograms obtained from this 
episode. The last pacing stimulus, S3' induced a transitional 
rhythm, beats A4 through A6. The electrode pair at site D 
was always activated earliest during pacing and during the 
transitional rhythm. In beat As, unidirectional block oc-
curred at a site between electrode pair sites Band A. This 
permitted the unblocked activation wave front to activate 
electrode pair site B through electrode pair site A. However, 
this wave front collided with the next beat, A6, of the 
transitional rhythm because the transitional rhythm was still 
present during this beat. With the next beat, A7, the inferior 
activation wave front from the transitional rhythm traveled 
through site A to site B, initiating circus movement, as seen 
in beat A7 (Fig. 6 and 7B) and beat A8 (Fig. 7B). The 
electrode pair at site D was activated by a wave front from 
the transitional rhythm during beat A6 (Fig. 7 A and B), but 
from the direction of C in beat A7 (Fig. 6 and 7B) and beat As 
(Fig. 7B) because there was no further transitional rhythm. 
~1001lls 
Figure 7. Isochronous map of beat A6 and bipolar electrograms 
from the same episode of atrial flutter as in the right panel of Figure 
6 (Dog II). A, The presence of a fusion beat just before development 
of atrial flutter. Isochrones are at 10 ms intervals. Activation times 
were determined from the same reference as during beat A5• The 
white arrow represents the orthodromic activation wave front from 
A5. This activation wave front collided with the antidromic activa-
tion wave front from the transitional beat, A6, which originated from 
the right atrial appendage. The letters A to G indicate the location of 
the recording sites for electrograms shown in B. B, Bipolar electro-
grams recorded during the onset of the same induced atrial flutter 
shown in Figure 6 (left panel) and in A. The top trace is electrocar-
diographic lead II. The locations of the respective electrode pair 
sites A to G are shown in A; A, B, C, D, E, F and G are electrode 
pair numbers 74, 70, 47, 34, 35, 56 and 67, respectively, shown in 
Figure 2. Beat SI is the last beat of an eight beat pacing train and S2 
and S3 are premature atrial beats introduced at coupling intervals of 
120 and 80 ms, respectively. Beats AI' A2 and A3 are the beats that 
corresponded to SI' S2 and S3' respectively. Beats A4 to A9 are 
spontaneous beats that occurred after cessation of pacing. Unidi-
rectional block (UB) occurred at a site between electrode pair Band 
A. Stable atrial flutter developed with beat A7• See text for discus-
sion. CL = cycle length. 
This type of fusion between an incipient reentrant wave 
front and the last beat or last few beats of a transitional 
rhythm or rapid atrial pacing was present during 16 episodes 
of the onset of atrial flutter. It represents a variation of 
entrainment of the reentrant circuit by the transitional 
rhythm and may represent the equivalent of what was seen 
during the 14 episodes of the onset of atrial flutter during 
rapid atrial pacing in which, after termination of rapid atrial 
pacing, no transitional rhythm was documented. 
Location of the development of unidirectional block and its 
relation to the direction of the circulating reentrant wave front 
(Fig. 8 and 9). All 18 episodes of the induction of atrial 
flutter in the canine pericarditis model developed in a stan-
dard fashion. Pacing induced a spontaneous transitional 
rhythm that had characteristics of atrial fibrillation (8,10). 
The mean cycle length of this transitional rhythm was 110 ± 
20 ms (range 78 to 148). During this latter rhythm or during 
rapid atrial pacing itself at a mean rate of 535 ± 50 beats/min 
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Figure 8. Onset of atrial flutter demonstrated schematically in this 
example after pacing from the left atrium. The crowding of iso-
chronous lines represents an area of slow conduction. Dashed lines 
represent an area of functional block. Solid thick lines represent an 
area of unidirectional block. 1) During a transitional rhythm or rapid 
atrial pacing, a relatively long but localized area of slow conduction 
develops. In some episodes, functional (bidirectional) block may 
occur in a portion of an area of slow conduction before any 
occurrence of unidirectional block. 2) Then the activation wave 
front during the transitional rhythm or rapid pacing develops unidi-
rectional block (UB). When it occurs in the upper portion of the area 
of slow conduction, it leads to atrial flutter with counterclockwise 
(CCW) rotation; when it occurs in the lower portion of the area of 
slow conduction, it leads to atrial flutter with clockwise (CW) 
rotation. See text for discussion. Abbreviations as in Figures 1 and 
2. 
(range 455 to 600), a relatively long but localized area of slow 
conduction developed in the right atrial free wall (Fig. 8). 
Then unidirectional block occurred in all or a portion of the 
area of slow conduction. This permitted the development of 
a circulating reentrant wave front when the transitional 
rhythm terminated spontaneously. The location of the uni-
directional block relative to the direction of the circulating 
wave fronts determined whether the circus movement was 
clockwise or counterclockwise. 
The location of unidirectional blockjust before the devel-
opment of atrial flutter in each episode was noted and 
always occurred in one of three areas (Table 1). In 10 of 18 
Figure 9. Location of unidirectional block that preceded the onset 
of atrial flutter. The number at each site indicates the number of 
episodes in which unidirectional block occurred at each site in all 18 
episodes studied. HRA = high right atrium in the region of the 
sulcus terminalis; LRA = low right atrium in the region of the sulcus 
terminalis; PM = pectinate muscle; other abbreviations as in Fig-
ures I and 2. 
18 episodes 
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episodes, the location of the unidirectional block was high in 
the region of the sulcus terminalis; in 4, it was low in the 
region of the sulcus terminalis and in the last 4, it was in the 
pectinate muscle region (Fig. 9). It is noteworthy that the 
area of slow conduction and unidirectional block seemed to 
occur where the activation wave fronts traveled perpendic-
ularly to the longitudinal orientation of the cardiac muscle 
fibers (11). 
Discussion 
Initiation of atrial flutter. Several points seem clear from 
these data. First, induced atrial flutter in this model does not 
start directly as a new arrhythmia. Rather it is preceded by 
a transitional rhythm that has the characteristics of atrial 
fibrillation (8,10). Second, as probably should be no surprise, 
slow conduction and unidirectional block of circulating wave 
fronts playa critical role in initiation of atrial flutter, but 
uniquely, during a transitional spontaneous rhythm. These 
critical regions of slow conduction and unidirectional block 
always developed in the right atrial free wall. Why this 
should be is not clear, but it is hard to avoid the speCUlation 
that this always occurs in the right atrial free wall because of 
a unique combination of anatomy and pathophysiology. 
The transitional rhythm: atrial fibrillation. That the tran-
sitional rhythm preceding development of atrial flutter is 
atrial fibrillation is supported by several observations. First, 
although the sequence of atrial activation maps in the study 
are limited to the right atrial free wall, the activation maps of 
the several beats from the end of pacing to the onset of atrial 
flutter were characterized by two to three independent wave 
fronts (for example, beats A4 to A6 in Fig. 4A and B). This is 
consistent with atrial activation during atrial fibrillation as 
shown by Allessie et al. (10). Second, both in the closed 
chest studies in which electrograms were recorded simulta-
neously from 3 sites in a large number of studies of the 
induction of atrial flutter and in the open chest studies in 
which electrograms were recorded simultaneously from a 
large number (n = 95) of sites during studies of the induction 
of atrial flutter, recorded bipolar electrograms had the char-
acteristics (beat to beat variability of cycle length, polarity, 
configuration and amplitude during a very rapid rhythm) 
typically present during atrial fibrillation (8). Of interest, the 
development of the transitional rhythm was not dependent 
on which atrial chamber or site was paced or on pacing mode 
(introduction of premature atrial beats or very rapid atrial 
pacing). 
Finally, these observations are consistent with two other 
observations of note. Induction of atrial flutter in other 
animal models (11-15) and in patients (3) was initiated by 
very rapid atrial pacing. Second, Moe et al. (16) developed a 
computer model of atrial flutter. However, they could not 
induce atrial flutter in the model unless atrial fibrillation first 
occurred. 
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Determinants of the direction of the circulating reentrant 
wave front in induced atrial flutter. We (5) have previously 
shown that the circulating reentrant wave front in the canine 
pericarditis atrial flutter model is located in the free wall of 
the right atrium and that its rotation may be either clockwise 
or counterclockwise. The present study clearly shows that 
the direction of the rotation of the reentrant wave front is 
determined by two factors: 1) the location of the area of slow 
conduction that develops unidirectional block immediately 
before the development of atrial flutter; and 2) the direction 
of the major activation wave front or fronts in the right atrial 
free wall. Thus, if the major activation wave front is coming 
from the direction of the left atrium toward the sulcus 
terminalis and unidirectional block develops in the upper 
portion of the sulcus terminalis, the atrial flutter reentrant 
wave front will be counterclockwise (Fig. 8). However, in 
the same circumstance, if the unidirectional block develops 
in the lower portion of the sulcus terminalis, the atrial flutter 
reentrant wave front will be clockwise (Fig. 8). The other 
possibilities follow logically and were so demonstrated. 
Location of areas of slow conduction and unidirectional 
block: possible role of anisotropy. The localization of these 
areas to the general region of the upper and lower sulcus 
terminalis and pectinate muscle region is striking. It is also 
striking that this occurs in the presence of very rapid rates or 
short cycle lengths and where the circulating wave fronts 
seem to cross perpendicularly to the longitudinal orientation 
of the muscle fibers (11). The latter, of course, suggests an 
important role for anisotropic conduction (17). However, the 
fact that unidirectional block occurs in these areas of slow 
conduction in the transverse direction is not consistent with 
the concepts of anisotropic conduction that predict the 
margin of safety to be greater for transverse than for 
longitudinal propagation (17). Thus, this speculation requires 
more investigation before one can offer a sound explanation. 
Nevertheless, and as first emphasized by Boineau et al. (11), 
the unique architecture of the right atrium and particularly 
the right atrial free wall does seem to be remarkably well 
suited for development of circulating wave fronts that cross 
perpendicularly to the large muscle bundles that characterize 
the right atrial free wall. Why unidirectional block develops 
selectively in one of these regions of slow conduction is 
unclear. However, the success or failure of propagation is 
determined by the underlying source-sink relation, which 
reflects a complex interaction of several factors (membrane 
excitability [18], cellular uncoupling [19], rotation of the 
wave front around a pivot point and its effect on the 
electrical load) of which anisotropy is only one. 
Finally, these data confirm data from our previous studies 
(5) of this model of atrial flutter in which sequential site 
mapping using a hand-held electrode probe demonstrated 
either a clockwise or a counterclockwise reentrant circuit in 
the right atrial free wall as the generator of atrial flutter. It 
also confirms that this model of atrial flutter does not require 
an anatomic obstacle such as the inferior or superior vena 
cava around which to circulate (5). 
SHIMIZU ET AL. 1233 
ONSET OF INDUCED ATRIAL FLUTTER 
Clinical significance. As summarized recently (1) and as 
first shown by Puech et al. (20,21), atrial flutter in humans 
seems to be generated by a reentrant circuit located in the 
right atrium. Furthermore, Watson and Josephson (3) in-
duced atrial flutter by first producing atrial fibrillation during 
electrophysiologic studies. Thus, if, as seems reasonable, 
human atrial flutter also develops from an antecedent atrial 
fibrillation in which critical areas of slow conduction and 
unidirectional block occur and these regions are limited to a 
few areas (there were only three demonstrated in this study 
in the canine pericarditis atrial flutter mode!), it is conceiv-
able that ablation of one or more of these areas (either at 
surgery or during cardiac catheterization) would prevent the 
development of atrial flutter. 
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